Cold atmospheric-pressure plasma (CAP) is a relatively new method being investigated for antimicrobial activity. However, the exact mode of action is still being explored. Here we report that CAP efficacy is directly correlated to bacterial cell wall thickness in several species. Biofilms of Gram positive Bacillus subtilis, possessing a 55.4 nm cell wall, showed the highest resistance to CAP, with less than one log 10 reduction after 10 min treatment. In contrast, biofilms of Gram negative Pseudomonas aeruginosa, possessing only a 2.4 nm cell wall, were almost completely eradicated using the same treatment conditions. Planktonic cultures of Gram negative Pseudomonas libanensis also had a higher log 10 reduction than Gram positive Staphylococcus epidermidis. Mixed species biofilms of P. aeruginosa and S. epidermidis showed a similar trend of Gram positive bacteria being more resistant to CAP treatment. However, when grown in co-culture, Gram negative P. aeruginosa was more resistant to CAP overall than as a mono-species biofilm. Emission spectra indicated OH and O, capable of structural cell wall bond breakage, were present in the plasma. This study indicates that cell wall thickness correlates with CAP inactivation times of bacteria, but cell membranes and biofilm matrix are also likely to play a role.
Plasma is ionized gas and can be generated using a range of gases, including argon, helium, nitrogen and compressed air. Plasma contains radicals, excited molecules, charged particles and UV photons. Cold atmospheric plasma (CAP) is active towards a broad spectrum of microorganisms. There is an active debate about which plasma species are responsible for microbial inactivation, with reactive oxygen, hydrogen peroxide (H 2 O 2 ) and UV photons the most likely candidates [1] [2] [3] [4] . Many studies have tested the antibacterial activity of CAP in vitro, but only very limited data on clinical trials have been reported to date 5, 6 . It appears that the antimicrobial efficiency of CAP depends on specific properties of the devices used, making it challenging to investigate the mode of action.
The commercially-available CAP-producing device kINPen med was specifically designed for biomedical applications. The device has the same basic plasma properties as the widely-used standard plasma source "kINPen 09" but special attention has been paid to safe and easy operation in medical settings [7] [8] [9] . It has a DC power supply and can be used with a range of rare gases. A number of studies have shown its antibacterial effectiveness 10, 11 . Cold plasma is hypothesised to have different targets within the cell, including cell membrane and cell wall, DNA and intracellular proteins 4, 12 . Plasma species were shown to be able to break important bonds in the cell wall (peptidoglycan) structure in Gram positive bacteria 13, 14 as well as leading to membrane lipid peroxidation in Gram negative bacteria 15 . This disruption of the outer shell of the cell will lead to leakage of cellular components, including potassium, nucleic acid and proteins. After the cell wall is broken, reactive species can penetrate into the interior of the cell and further damage DNA and intracellular protein from oxidative or nitrosative species 12 .
In bacteria, the Gram stain provides an important classification system, as several cell properties can be correlated with the cell envelope. Gram positive bacteria possess a thick (20-80 nm) cell wall as outer shell of the cell. In contrast Gram negative bacteria have a relatively thin (< 10 nm) layer of cell wall, but harbour an additional outer membrane with several pores and appendices. These differences in the cell envelope confer different properties to the cell, in particular responses to external stresses, including heat, UV radiation and antibiotics.
Most in vitro studies focus on investigating plasma mediated killing of laboratory-cultured single-species planktonic cells. However, this does not resemble the natural conditions of bacterial existence. The vast majority of bacteria live in aggregates attached to a surface in often multi-species biofilms. Bacterial biofilms cause problems in several industries by colonizing factory equipment and contaminating products. They are also a major contributor to human infections and are particularly hard to eradicate with antibiotic therapy. Biofilms promote bacterial survival in the environment, as they coordinate group behaviour, enhance metabolic interactions, enhance gene transfer, produce a protective exopolysaccharide matrix from the cells and increase antibiotic resistance [16] [17] [18] [19] [20] .
Here we show that cold-plasma-induced bacterial biofilm killing is correlated with the thickness of the bacterial cell wall, but additional factors are involved in determining sensitivity to CAP inactivation. Using a commercially-available plasma source, a much higher reduction in cell numbers is achieved for Gram negative bacteria than Gram positive bacteria, independent of planktonic or biofilm mode of growth. Moreover, clinically-relevant P. aeruginosa is found to have a higher resistance to plasma treatment when cultured with S. epidermidis in mixed species biofilms. This has implications for eradicating environmental biofilms and treating clinical significant infections, in which bacteria are known to often occur as multispecies communities.
Results

CAP inactivation of Gram positive and Gram negative bacteria in biofilms.
Biofilms of six different species (3 Gram positive and 3 Gram negative) were allowed to form on stainless steel coupons for 24 h. Biofilm formation was observed to be similar for all species after 24 hours (Fig. 1) . Strains had single attached cells and small microcolonies were beginning to form. Only isolated dead (red) cells were observed with the majority being green (viable) cells. All biofilms were tested for inactivation rates using the kINPen med operated with argon gas (Fig. 2) . The three Gram negative species showed a higher log 10 reduction in colony forming units (CFU) than the three Gram positive strains after 10 min CAP treatment compared to the untreated controls. B. subtilis had the lowest CFU log 10 reduction of only 0.6 and Staphylococcus epidermidis only had a 1 log 10 reduction in CFU after ten minute CAP treatment. Another Gram positive species Kocuria carniphila reached a 2 log 10 reduction in CFU after the 10 min CAP treatment. In contrast, biofilms of Gram negative species had a much higher log 10 reduction after 10 min treatment. A similarly high reduction was observed for P. aeruginosa, P. libanensis and E. cloaceae biofilms ranging from 3.3 to 3.6 log 10 reduction in CFU compared to the control (Fig. 2B) . P. libanensis biofilms showed a rapid initial reduction in CFU, followed by a plateau. E. cloacae, P. aeruginosa and K. carniphila all showed a sharp decline in CFU in the first minute of CAP treatment, followed by a slower inactivation rate. For B. subtilis the inactivation occurred gradually over the 10 min, while S. epidermidis had no reduction in CFU at the 1 and 3 min time-point and inactivation only occurred after 10 min CAP treatment.
A Student's t-test confirmed that the difference in log 10 reduction comparing the Gram positive to the Gram negative strains is significant (p = 0.034) for the 10 min time-point. At 3 min and at 1 min plasma treatment the p-values were 0.095 and 0.058, respectively, indicating that the difference between the two groups of bacteria is not significant.
Comparing CAP induced CFU reduction of bacteria in biofilms with cell wall thickness. A profound difference of CFU log 10 reductions after CAP treatment was observed between Gram positive and Gram negative species biofilms, prompting us to investigate a possible correlation of CAP inactivation rates with cell wall dimensions. Values of cell wall thickness were sourced from previous studies. For P. aeruginosa, S. epidermidis and B. subtilis, cell wall thickness had been determined previously as 2.41 ± 0.54 nm 21 , 51.8 ± 3.1 nm 22 and 55.4 ± 4.4 nm [23] [24] [25] , respectively. The cell wall thickness of E. cloacae was measured at approximately 8.2 ± 1.4 nm from high resolution images from previous studies 26, 27 . No indication of cell wall thickness measurements or high resolution TEM images were found for P. libanensis and K. carniphila and these organisms were therefore not included in the analysis. A correlation between number of cells killed (CFU log 10 reduction) after 1, 3 and 10 min of CAP treatment and cell wall thickness is shown in (Fig. 3 ).
There is a good correlation of CFU log 10 reduction with cell wall thickness for all time-points (R 2 = 0.86; 0.92 and 0.99 for 1, 3 and 10 min CAP, respectively). For 10 min CAP treatment, small differences in cell wall thickness within the group of Gram negative and Gram positive leads to a difference in CAP sensitivity. For 1 min and 3 min CAP treatment the correlation within Gram negative and the Gram positive group is reversed, i.e. E. cloacae with a thicker cell wall than P. aeruginosa had a higher log 10 reduction than P. aeruginosa.
CAP treatment of mixed-species biofilms.
In natural habitats, bacteria often occur in mixed-species communities instead of mono-species cultures. One example is the co-occurrence of P. aeruginosa and S. epidermidis in patients with chronic wounds and venous ulcers [28] [29] [30] . Mixed-species biofilms often promote each other's survival and show a different response to antimicrobial treatment. To investigate whether CAP can eradicate mixed-species biofilms in a similar fashion to single species, co-cultures of P. aeruginosa and S. epidermidis were treated for 1, 3 and 10 min with argon plasma using the kINPen med (Fig. 4) . As for single-species biofilms, P. aeruginosa biofilms were more sensitive than S. epidermidis biofilms. However, the final CFU log 10 reduction was only 2.6 ± 0.4 for P. aeruginosa when grown in co-culture with S. epidermidis compared to 3.6 ± 0.2 when grown as a single species. Interestingly, S. epidermidis had a slightly higher log 10 reduction (1.4 ± 0.5) in mixed culture with P. aeruginosa, compared to 0.9 ± 0.3 log 10 reduction in a single-species biofilm.
CAP treatment of planktonic bacteria. To evaluate whether species-dependent inactivation occurs only during biofilm mode of growth, the Gram positive S. epidermidis and the Gram negative P. libanensis were tested for inactivation during planktonic growth mode. A similar response compared to biofilm treatment was observed. P. libanensis had a significantly higher CFU log 10 reduction after ten minute argon plasma treatment compared to S. epidermidis (Fig. 5) . Optical emission spectra of kINPen med operated with argon. Emission spectra were measured to examine any qualitative changes in plasma characteristics during the treatment time.
The presence of active OH, O and Ar radicals were identified from the spectra, as shown in Fig. 6 . The typical molecular nitrogen emission from the N 2 (C 3 Π u → B 3 Π g ) transition was very weak in comparison to OH emission. NH radical and N 2 + ion emissions were not observed within the detection limit for the 10 ms exposure time setting. During the 20 min duration of the plasma discharge, the emission intensity of atomic oxygen (O I (Fig. 6b) increased by approximately 15%. A slight decrease of intensity of metastable Ar emission was observed (Fig. 6c) .
Discussion
We have observed a marked difference in sensitivity to CAP treatment between Gram positive and Gram negative bacterial biofilms. The visible biofilm biomass appears similar among the six different species, with all showing a layer of single cells and small microcolonies before treatment (Fig. 1) . The similar thickness and structure of the biofilms suggests that factors other than biofilm architecture are responsible for the observed variation in CAP sensitivity. The major difference between the two groups of bacteria is the thickness of the cell wall and the presence of an outer membrane in Gram negative bacteria only. The bacterial cell wall ranges from 20-80 nm thick for Gram positive and between 1.5-10 nm thick for Gram negative bacteria. The main component of the cell wall is peptidoglycan, which is found in almost all bacteria and is responsible for preserving the integrity of the cell. Destruction of peptidoglycan either through mutations or external stresses (e.g. antibiotics) will lead to cell lysis 25, 31 . Of the six bacteria tested, the Gram positives had a significantly higher resistance after 10 min CAP treatment (p = 0.034), with around 1 log 10 reduction for B. subtilis and S. epidermidis and up to 2 log 10 reduction for K. carniphila, suggesting that the cell wall thickness plays a role for plasma mediated inactivation time. The organism with the thickest cell wall, B. subtilis had the lowest log 10 reduction after 10 min CAP treatment. For CAP treatment times of 1 and 3 minutes, the same inactivation trend of Gram positive bacteria having lower inactivation rates than Gram negative bacteria was observed. However, a correlation within the Gram groups could not be seen. For example, the Gram negative E. cloacae has a thicker cell wall than the Gram negative P. aeruginosa, but E. cloacae showed a higher log 10 reduction than P. aeruginosa at 1 and 3 min treatment, suggesting that other factors, including the outer membrane in Gram negative and cell appendices (e.g. glycan strands) in Gram positive bacteria are likely to play a role in CAP inactivation of bacteria. The bacterial cytoplasmic membrane consists of phospholipids and the Gram negative outer membrane consists of phospholipids and lipopolysaccharides 32 . Peroxidation of lipids is a well-known mechanism of CAP inactivation 4, 33 . Membrane lipids have been suggested to be the macromolecules of the cell that are most vulnerable to physical stresses due to their position at the outside of the cell envelope and their sensitivity to ROS 33 . In addition, due to the presence of pore-forming proteins (porins), the outer membrane is leakier than the cytoplasmic membrane and the cell wall and thus potentially easier to penetrate by CAP, possibly leading to a higher sensitivity of Gram negative bacteria to plasma treatment.
In agreement with our observation of higher sensitivity of Gram negative cells to CAP, Laroussi et al. observed gross morphological changes only in Gram negative Escherichia coli and not in Gram positive B. subtilis using scanning electron microscopy after CAP treatment 34 . The study suggested that the observed cell lysis of E. coli is due to an electrostatic disruption of the outer cell membrane. Lysis may occur when the outer membrane has acquired a sufficient electrostatic charge that the outward electrostatic stress exceeds its tensile strength 34, 35 . Moreover, a higher surface roughness or irregularity due to the presence of an outer membrane could render Gram negative cells more sensitive to electrostatic disruption 35 . A recent study by Flynn et al tested a range of antibacterial resistant strains (ESKAPE pathogens) for sensitivity to CAP 36 . ESKAPE pathogens are Enterococcus faecium (Gram positive), Staphylococcus aureus (Gram positive), Klebsiella pneumoniae (Gram negative), Acinetobacter baumannii (Gram negative), Pseudomonas aeruginosa PA14 (Gram negative) and Enterobacter cloacae (Gram negative). As in our study, it was observed that Gram negative organisms were killed more rapidly than Gram positives for biofilm and planktonic cultures, with the exception of Acinetobacter baumannii (Gram negative) biofilms, which were highly resistant despite a thin (26 nm) cell wall 36 . This suggests that additional factors to cell wall thickness play a role in CAP sensitivity. A study by Montie et al. has suggested that the bacterial cell wall may not be compromised by ROS from plasma, although it allows ROS to penetrate by diffusion, and only the cell membranes (cytoplasmic membrane and outer membrane) are vulnerable to physical disruption by plasma 33 . However, the diffusion across a thick Gram positive cell wall would presumably still be slower than across a thin Gram negative cell wall, leading to a difference in CAP sensitivity. In contrast, a study by Mozetic et al. has clearly shown damage by CAP treatment to the cell wall of Bacillus stearothermophilus before the plasma membrane was damaged 37 and further indications that the bacterial cell wall is an important target during plasma interaction have been reported 13, 14 . Interestingly, by being operated in an open-air environment, the emission intensity of atomic oxygen and hydroxyl radicals increased without external supply of oxygen. In contrast, a slight decrease in intensity of metastable Ar emission was observed. Argon was used as the feeding gas for the plasma equipment. Oxygen and water vapour can originate from the surrounding air or from the sample being treated. The increase in atomic oxygen and hydroxyl radical density may be due to evaporation from the samples being treated. The decrease in emission intensity is likely a consequence of the efficient quenching of argon metastables by oxygen molecules and atoms 38 . Yusupov et al. used reactive molecular dynamics simulations to show interactions of plasma species with peptidoglycan. It was shown that plasma species can break structurally-important bonds of peptidoglycan, ultimately leading to cell death 13 . Specifically, it was demonstrated that the presence of OH and O lead to C-O, C-N and C-C bond breakage. We have detected OH and O in the emission spectra of the kINPen for our experimental conditions (Fig. 6 ) making them a likely cause for peptidoglycan bond breakage in our experiments.
In some bacteria the cell wall has additional structural elements that could also influence CAP sensitivity. For example, B. subtilis was found to have glycan strands up to 5 μ m, longer than the cell itself, and a cabling architecture 23 , suggesting a protective role during CAP treatment in addition to having a very thick cell wall. In addition to the structural envelope of single cells, the extracellular matrix (ECM) in which biofilm cells are embedded is likely to affect CAP sensitivity. The ECM gives cells added protection to external stress. The ECM composition varies between species, but it consists mainly of extracellular polymeric substance, including polysaccharides, lipids, proteins and nucleic acids 39 . It has been suggested that the ECM composition plays an important role in susceptibility to reactive species, such as found in CAP 40, 41 . Despite a negative charge of the ECM, which prevents many reactive reagents from penetrating, some small plasma-generated molecules were shown to successfully reach the interior of the biofilm and lead to cell death 41 . However, because of the species-specific composition of the ECM further investigations are required to assess its specific role in CAP treatment of different bacterial species.
Mixed species biofilms are often found to have increased resistance to antibiotics and disinfection agents [42] [43] [44] . To examine whether a similar higher resistance occurs during CAP treatment, we investigated the effect of CAP treatment on clinically-significant mixed-species biofilms of P. aeruginosa and S. epidermidis. P. aeruginosa and S. epidermidis are known to occur simultaneously in patients with chronic wounds and venous ulcers [28] [29] [30] . Our results show that similar to single-species biofilms, the Gram negative P. aeruginosa with a thin cell wall had a significantly higher susceptibility to CAP after 10 min of treatment compared to the Gram positive S. epidermidis with a thick cell wall. However, the overall reduction in CFU was lower (2.6 ± 0.4 log 10 ) when grown as a mixed biofilm, compared to 3.6 ± 0.2 log 10 when grown alone (Figs 2 and 4) , suggesting a higher resistance of P. aeruginosa biofilms to CAP treatment in a mixed culture (Fig. 4) . A recent study by Jahid et al. 45 showed a similarly increased resistance of mixed species biofilms to CAP of Salmonella typhimurium when grown in the presence of indigenous lettuce microorganisms. Interestingly, S. epidermidis was more susceptible to plasma treatment when grown in a mixed biofilm with P. aeruginosa. It appears unlikely that the thickness of the cell wall would change depending on the presence of other organisms in a biofilm. Thus other factors possibly play a role in an altered resistance to CAP in mixed-species biofilms. One previously discussed hypothesis is an increase or a change in the composition of the ECM 45 . In our study a thicker or altered ECM produced by the Gram positive organism may provide better protection for the Gram negative bacteria within the biofilm community. Our results show that CAP inactivation was less effective for P. libanensis and S. epidermidis planktonic cells than for their biofilm counterparts. This was surprising, because many studies show a higher resistance of biofilm cells to CAP than planktonic cells. However, results from Zhu et al. 46 also showed a faster inactivation (1 min) for Candida biofilms compared to planktonic cells (4 min) of the same species. This has been attributed to the planktonic cells occupying a smaller area than biofilms during treatment. Similarly in our study, the 10 μ l drop containing the planktonic cells (in the same CFU density as the biofilm CFU inoculum) does not spread over the entire coupon and a higher number of cells is therefore concentrated on a smaller area, thus potentially making CAP inactivation less efficient.
Conclusions
Our study shows a correlation of CAP inactivation of bacteria and the thickness of the cell wall. We demonstrate that biofilms of Gram negative species with a thinner cell wall are inactivated more rapidly than biofilms of Gram positive bacteria with a thicker cell wall. While there is a good correlation and a significant difference in CAP sensitivity between Gram positive and Gram negative organisms at 10 min CAP treatment, a significant difference between the two groups of bacteria was not observed for CFU log 10 reduction at 1 and 3 min CAP treatment. This suggests that other targets in the cell and biofilm community play a role in CAP inactivation, including ECM, cell membrane, DNA and proteins.
We further show that multi-species biofilms have a different inactivation profile compared to mono-species biofilms. Similar findings have been reported for other inactivation methods, such as antibiotics 43, 47 . However, more evidence, including multi-species biofilms of other species, is needed to fully investigate and explain this phenomenon.
In summary, our results provide insights into the role of the bacterial cell wall during the interaction with reactive species produced by CAP. These findings have implications for the use of CAP in medical, industrial and other sterilization settings.
Methods
Bacterial species and culture media. A range of environmental and pathogenic bacterial strains were used in this study (Table 1 Biofilm formation. Biofilms were allowed to form on smooth, stainless steel coupons (RD 128-316, 1.27 cm diameter, 0.3 cm thick; Biosurface Technologies, Bozeman, MT, USA) placed in 24-well microtiter plates. Overnight cultures of the respective species were grown in 10 ml nutrient broth with 150 rpm shaking. Cultures were diluted to 10 6 CFU in fresh nutrient broth before inoculating 1 ml in 24 well plates with a stainless steel coupon inside. Each strain was inoculated in triplicates. For mixed species biofilms of S. epidermidis and P. aeruginosa, cultures were mixed to a 1:1 ratio immediately prior to biofilm inoculation.
After 24 hours incubation, coupons were washed with 1 ml PBS to remove unattached cells. Coupons were then placed in an empty petri dishes and air-dried for 10 min before plasma treatment. For B. subtilis, the possible presence of endospores was determined by comparing CFU numbers of a heat killed sample (spores) with a regular sample (vegetative cells and spores). It was found that only 0.01% of the total cell number was in endospore form (data not shown).
Biofilm imaging.
To visualize the biofilms, cells were stained by covering the coupon with 100 μ l of the BacLight Live/dead stain containing the 2 stock solutions green Syto 9 and red propidium iodide (Molecular Probes, Eugene, Oregon, USA) according to the manufacturer's instructions. Cells were visualised using an Olympus IX83 microscope equipped with CellSense imaging software.
Plasma treatment and determination of CFU. Plasma treatment was performed as previously described 10 . Briefly, plasma treatment was conducted using the kINPen med (Neoplas tools GmbH, Greifswald, Germany) with argon as the feed gas at 3.1 slm 7, 11 . Plasma was applied to the centre of the coupon, with a distance of 1 cm between the tip of the kINPen device and the coupon. The coupon was not moved during treatment. As a control, a 10 min gas treatment without igniting plasma was performed. Samples were treated in triplicates for 1, 3 and 10 min, respectively.
After treatment, coupons were placed into 3 ml sterile phosphate-buffered saline (PBS). The coupon surface was scraped and vigorously mixed with a sterile spatula to remove cells. In addition, coupons were placed in an ultrasonic bath (Vibron USB08CD; Galsonic Pty. Ltd., SA, Australia) for 3 min to dissolve possible cell clumps. It was confirmed that sonication did not affect cell viability (data not shown). Two dilution series were made for each treated biofilm sample. CFU counts were determined in triplicate by the drop plate method as previously described 48 . Following serial dilution, cells were plated onto nutrient agar and incubated for 24 h at 37 °C or 30 °C, followed by another 2 days at room temperature before counting CFU. For S. epidermidis and P. aeruginosa mixed cultures, dilutions were plated onto selective Pseudomonas (Oxoid) and Mannitol salt agar (Oxoid) to distinguish the strains. All experiments were performed at least twice in triplicate, with similar results. Data presented in the manuscript are those from one set of experiments with error bars corresponding to the standard deviation from 3 independently-grown biofilms, 2 dilution series from each biofilm and 3 CFU droplets.
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Log 10 reduction values were calculated by subtracting Log 10 (CFU/coupon of plasma treatment time) from Log 10 (CFU/coupon of control).
A two-tailed, two sample (unequal variance) Student's t-test with a significance level 0.05 was performed comparing log10 reduction values of the three Gram positive strains to log10 reduction values of the three Gram negative strains for each of the plasma treatment times.
Planktonic cell growth and plasma treatment. For treatment of planktonic cells, cells were grown overnight in 10 ml nutrient broth in falcon tubes with shaking at 150 rpm at either 37 °C or 30 °C, respectively. Immediately prior to plasma treatment, cultures were diluted to 10 6 CFU in fresh nutrient broth and 10 μ l was placed at the centre of a sterile coupon and allowed to dry for 10 min. Two dilution series were made for each treated sample. CFU counts were determined in triplicates by the drop plate method as previously described 48 . All experiments were performed at least twice in triplicates with similar results. Data presented are that of one round of experiments with error bars corresponding to 3 independently grown cultures, 2 dilution series from each culture and 3 CFU droplets.
Optical emission spectra. In order to investigate any changes in plasma characteristics during treatment time, light emission spectra were measured using an optical emission spectrometer (Princeton Instruments Acton SP2500) equipped with 1200 grooves/mm triple gratings to enable measurements from 190 nm to more than 1 μ m wide wavelength range in a typical setting. The spectra were measured with the entrance slit 10 cm away from the centre of the plasma plume under similar conditions to the treatment set up. Measurements were taken in the dark at 4 min intervals over 20 min total time at room temperature with a sample underneath. The background was subtracted from the raw measurements.
